Background: Pathology of the long head of the biceps (LHB) is a well-recognized cause of shoulder pain in the adult population and can be managed surgically with tenotomy or tenodesis.
Pathology of the long head of the biceps (LHB) is a recognized source of shoulder pain secondary to degeneration, inflammation, mechanical irritation, trauma, or sportsrelated injury. 1 In cases where conservative treatment fails, the decision between tenotomy versus tenodesis, as well as the optimal location of a tenodesis of the LHB, remains controversial.
Some authors have found no significant difference in outcomes between tenotomy and tenodesis. 5, 10, 23 Biceps tenotomy has been recommended over tenodesis because it is a faster and technically less difficult procedure and may require less postoperative rehabilitation. 10 A recent review found no functional difference between the outcomes of tenodesis versus tenotomy but did find a higher incidence of the cosmetic ''popeye'' deformity with tenotomy. 34 Furthermore, Boileau et al 5 retrospectively reviewed 68 cases of massive rotator cuff tears that were also treated with tenotomy or tenodesis and found that 62% of patients undergoing tenotomy had a popeye deformity. Similarly, Lim et al 15 reported the popeye deformity in 45% of patients, as well as a cramp-like arm pain on exertion in 8% of patients undergoing biceps tenotomy. In addition to the popeye deformity and pain on exertion, tenotomy has been shown to result in loss of power in elbow flexion and supination of the forearm, as well as weakness with vigorous use of the biceps. 4, 7 Biceps tenodesis is a popular alternative to tenotomy and can be performed either open or arthroscopically. Tenodesis is often the favored procedure in younger, thinner, or more active patients. 1, 12 Many techniques for arthroscopic tenodesis have been described, 2, 6, 16, 26, 32 most of which place the tenodesis in the proximal bicipital groove. Disadvantages of this tenodesis site include a higher reported revision rate compared with a distal tenodesis, which places the tenodesis outside of the groove, typically in the subpectoral region. 31 There is also a potential for postoperative pain from the groove with traditional arthroscopic tenodesis placement. 21, 28 Open and mini-open subpectoral techniques, which avoid the disadvantages associated with tenodesis in the bicipital groove, have also been described. 20, 28 However, these techniques are not performed arthroscopically and involve the risks and morbidity of a procedure with an open incision.
Lutton et al 17 described a novel technique in which the biceps was tenodesed arthroscopically but distal to the bicipital groove in the suprapectoral region. In their series of 12 patients, all had improvement in clinical outcomes and were asymptomatic at final follow-up. Few studies are available for this relatively ''new'' technique. The purposes of this study were to assess biomechanical strength of arthroscopic distal suprapectoral biceps tenodesis in a cadaveric model compared with traditional open subpectoral biceps tenodesis and to investigate the clinical outcomes of 51 cases in which this technique was used.
METHODS

Surgical Technique
The specific arthroscopic suprapectoral tenodesis technique and site has been previously described by Lutton et al. 17 Briefly, an additional anterior portal is made, and the plan for the length and location of the tenodesis is decided based on baseline anatomic landmarks that were previously described by Denard et al. 9 The tenodesis site between the subscapularis and the pectoralis major is identified and prepared, and the biceps is secured with interference screw fixation ( Figure 1 ).
Cadaveric Biomechanical Analysis
In the biomechanical evaluation, load to failure and displacement at peak load were assessed for a bony tenodesis using interference screw fixation for both an arthroscopic distal suprapectoral position and an open subpectoral location.
A total of 14 fresh-frozen human cadaveric shoulders (7 matched pairs) were used for this study. All specimens were thawed at room temperature before dissection, repair, and testing. Each shoulder was inspected at the glenohumeral joint to exclude specimens with significant biceps pathology, including rupture, tear, fraying, and/or fracture of the humerus. The tendon width of each shoulder was assessed to ensure adequate size for interference screw fixation and analysis. A polyetheretherketone (PEEK) interference screw (Biceptor; Smith & Nephew) was used for the tenodesis in all cases.
Four female and 3 male donors with a mean age of 60 years (range, 47-75 years) provided 7 left and 7 right shoulders.
An a priori power analysis based on literature data showed that 7 specimens per group would provide 80% power to detect a significant difference in mean ultimate load to failure between the 2 groups (effect size, 0.6; P ¼ .05). Each specimen from a matched pair was randomized to 1 of 2 surgical biceps tenodesis procedures: (1) arthroscopic suprapectoral tenodesis distal to the bicipital groove between the subscapularis and pectoralis major tendons or (2) mini-open subpectoral tenodesis at the inferior border of the pectoral major tendon.
Surgical Technique
The surgical technique for group 1 (arthroscopic suprapectoral tenodesis) was as described above. However, that for group 2 (mini-open subpectoral tenodesis) was as follows: The inferior border of the pectoralis major tendon was palpated. A 3-cm incision was then made on the medial aspect of the arm starting 1 cm proximal to the inferior aspect of the pectoralis major tendon. Dissection was taken down to the humerus with the aid of tenotomy scissors and electrocautery. The fascia overlying the LHB and pectoralis major tendon was opened, and the transverse fibers of the pectoralis major tendon were identified. A right angle was inserted deep to the pectoralis tendon to pull the LHB tendon out of the wound. A bony bed for fixation was created 1 cm proximal to the inferior border of the pectoralis tendon. The LHB tendon was then cut at the appropriate tension (*2 cm proximal to the musculotendinous junction). 28 A similar technique to drill and position the interference screw as previously mentioned was then performed. An 8 Â 15-mm PEEK interference screw was then advanced over the guide wire until flush with the anterior humeral cortex. The guide wire was removed, and the extraneous stump of the proximal LHB tendon was excised. The narrow distal intramedullary space limited screw length to 15 mm compared with the 25-mm screw used proximally.
Biomechanical Testing
The biomechanical analysis performed emulated a published and well-described protocol 33 and will be briefly restated. In all specimens, all soft tissue was removed from the humerus except the biceps tendon and muscle belly. Each proximal humerus-biceps tendon specimen was mounted in a materials testing system (MTS Insight 858; MTS Systems) ( Figure 2 ). A custom dry ice soft tissue cryo-clamp was used to secure the biceps muscle-tendon unit to the test actuator and inline 500-N load cell. A custom ''Christmas tree'' fixture stabilized the humeral head to the base of the MTS. Pull was maintained in line and parallel to the humeral shaft approximating the in vivo biceps muscle/tendon force vector.
The following parameters were applied to each specimen individually: preload at constant 5 N for 2 minutes, cyclical loading for 500 cycles from 5 to 70 N at 1 Hz, return to 5-N load for 1 minute, pull-to-failure test at 1 mm/s.
All testing was performed at room temperature. The tendon graft was regularly moistened with a saline solution spray throughout testing to avoid desiccation. The distance between the screw and the cryo-clamp was initially set at approximately 50 mm for all the tests. Displacement baseline (re-zero displacement) was set after the initial 5-minute preload. Cyclical displacement was calculated as the peak actuator displacement of cycle 500 relative to baseline. Data computed from the failure test included ultimate load to failure, displacement at peak load, displacement after cycle 500, and method/location of graft failure.
Patients
After approval by the institutional review board, the medical records of 49 patients (51 shoulders) who underwent arthroscopic biceps tenodesis performed by the senior surgeon between May 2009 and February 2012 were identified by Current Procedural Terminology (CPT) filters. Each medical record was reviewed to ensure the operative procedure was an all-arthroscopic distal suprapectoral bony biceps tenodesis. Patients were excluded if any part of their surgery was performed through an open incision rather than arthroscopically. A Biceptor PEEK interference screw specific for biceps tenodesis was used in all cases. All patients were evaluated preoperatively with plain radiographs, magnetic resonance imaging, and clinical examination.
Outcome scores were collected, including the American Shoulder and Elbow Surgeons (ASES) Standardized Shoulder Assessment Form 30 both preoperatively and at latest follow-up, as well as the University of California, Los Angeles (UCLA) Shoulder Rating Scale 3 at latest follow-up. The ASES and the UCLA scores are commonly used outcome measures for arthroscopic shoulder surgery. The UCLA score is a postoperative score that incorporates patient satisfaction as part of the measurement. Operative reports and clinical notes were reviewed to assess for complications and details of each procedure.
The indications for biceps tenodesis included symptomatic partial (!25%) thickness tears of the LHB, subluxation of the LHB medially or with a tear of the subscapularis, type IV or symptomatic type II superior labrum anterior-posterior (SLAP) tears, failed SLAP repairs, chronic pain from LHB tendonitis, or symptomatic LHB tendonitis with an inflamed LHB seen on diagnostic arthroscopy. 
Postoperative Protocol
Patients who underwent biceps tenodesis without additional soft tissue repair or reconstruction wore a sling for comfort postoperatively and were instructed to discontinue use of the sling as tolerated. Passive range of motion exercises were started immediately after surgery. Active range of motion was initiated after 2 to 3 days, followed by resistance exercises at week 7, and weight training at week 8. The postoperative protocol was modified based on other procedures performed at the time of biceps tenodesis surgery. Patients undergoing rotator cuff repair or labral repair were immobilized for longer periods of time.
Patients were followed after surgery at weeks 2, 6, and 12 and at additional 3-month intervals as clinically necessary.
Statistical Analysis
Biomechanical outcomes were modeled on the log scale using linear mixed-effects modeling techniques, which account for repeated observations within a particular donor. Model parameter estimates and 95% confidence intervals were transformed back onto the original scale of the data using the antilogarithm. Therefore, the type of mean used was the geometric mean.
All analyses were performed using R software (v 3.0.1; www.r-project.org). A 5% significance level was used for all analyses.
RESULTS
Biomechanical Evaluation
One of the specimens was unable to be tested, as it failed in the process of mounting on the MTS platform.
Three of the remaining 6 shoulders in the mini-open subpectoral tenodesis group failed during cyclic loading (cycles 16, 18, and 191) . The failures in these 3 specimens consistently occurred as a tear at the tendon-screw junction. Failure during cyclic loading prevented subsequent testing of ultimate load to failure, stiffness, and displacement per study protocol.
Ten shoulders completed all aspects of biomechanical analysis. The results of all parameters in all specimens are show in Table 1 . There was no significant difference in peak failure load between the arthroscopic suprapectoral (group 1) and mini-open subpectoral tenodesis groups (group 2) (P ¼ .22). Furthermore, there was no difference in displacement at peak load (P ¼ .38) or after cyclic testing (P ¼ .58).
Clinical Series
The clinical study group (N ¼ 49 patients) included 26 men and 23 women with a mean age of 52.6 years (range, 16-77 years). Twenty-two patients had a right shoulder operation, 25 had a left shoulder operation, and 2 had a tenodesis performed on bilateral shoulders. The mean follow-up period was 2.4 years (range, 1.4-4.6 years).
None of the tenodesis procedures were converted to open procedures. All patients had at least 1 procedure performed at the time of surgery in addition to the tenodesis. These procedures included rotator cuff repair or debridement, labral repair or debridement, subacromial decompression, bursectomy, distal clavicle excision, and acromioplasty (Table 2) . One patient (2.0%) had a visible popeye deformity at last follow-up. The patient reported that this deformity was cosmetically acceptable to him. There were no other surgical or postoperative complications reported in this cohort.
The mean preoperative ASES score was 64.5. At the latest follow-up, the mean ASES score was 87.1 and the mean UCLA score was 30.2 (Table 3) . Thirty-three (64.4%) patients reported that their shoulder was pain free at last follow-up. Six (11.8%) had slight or occasional pain, 4 (7.8%) admitted to pain with heavy activity, 4 (7.8%) reported pain with light activity, and 4 (7.8%) reported constant shoulder pain. Eight patients (15.7%) reported that they experienced cramping in the biceps area of the arm. Three reported that the pain occurred weekly, and 2 reported that the pain occurred on a monthly basis. Three reported cramping with heavy exercise. Nine patients (17.6%) reported subjective weakness with twisting motions such as turning a screwdriver or doorknob. These 9 patients reported that their arm that had undergone tenodesis was on average 27% weaker than their other arm. Forty-eight (94.1%) patients reported that they were satisfied with the surgery. In a subgroup analysis comparing one group of patients who had either a rotator cuff repair or labral repair in addition to tenodesis with a second group of patients who did not have either of these additional procedures, we found no statistical significance in pre-or postoperative ASES scores or postoperative UCLA score (Table 4) . Using a chi-square analysis, there was no significant difference between the 2 groups in the number of patients who reported that they had shoulder pain at last follow-up.
This cohort included 4 patients who had a workers' compensation claim. In subgroup analysis, there was no significant difference (P > .05) in outcome scores between patients with and without a workers' compensation claim.
DISCUSSION
The preferred location for biceps tenodesis and the decision between tenotomy and tenodesis are widely debated. We believe that the technique used in this cohort provides excellent biomechanical strength and clinical outcomes while decreasing the rate of complications such as the popeye deformity.
Biomechanical studies of various fixation techniques performed open 25, 29 or arthroscopically 26 have been conducted. Mazzocca et al 18 compared open subpectoral bone tunnel fixation, arthroscopic interference screw fixation, open subpectoral interference screw fixation, and arthroscopic suture anchor fixation and found no statistically significant difference in ultimate failure strength between any of the techniques tested. Subpectoral bone tunnel fixation had a significantly higher mean cyclic displacement compared with the other techniques. 18 Biomechanical testing has also shown equivalent pullout strength at traditional suprapectoral and subpectoral locations with various interference screw designs.
The mean ultimate load to failure in group 1 of this study was 205 N (range, 110-443 N), and no specimens failed during cyclic testing. These results were consistent with other reports. In evaluation of 4 types of proximal biceps tenodesis methods, Patzer et al 26 found that the Bio-Tenodesis (Arthrex) screw had an ultimate failure load (UFL) of 218.3 N, and the Biceptor screw averaged 173.9 N. The difference was not statistically significant. Slabaugh et al 33 studied screw length and diameter of the Biceptor interference screw and had an average UFL of 177 N for an 8 Â 25-mm screw placed in a traditional proximal location. Ozalay et al 24 studied the biomechanical strength of several tenodesis techniques in a sheep model and found the interference screw (Profile Screw; Depuy Orthotech Interference Screw System) technique, with placement at the inferior part of the biceps groove, to be the strongest construct, with a UFL of 243.3 N. While the threshold for sufficient pullout strength remains controversial, 112 N has been proposed. 22 Nevertheless, the results from this study indicate a unique suprapectoral biceps tenodesis location distal to the bicipital groove provides equivalent biomechanical strength as conventional proximal and subpectoral locations with interference screw fixation.
The clinical follow-up data from this cohort demonstrate a high level of postoperative satisfaction. The mean postoperative ASES and UCLA scores (87.1 and 30.2, respectively) are comparable or better than previously reported outcome scores for both tenotomy and tenodesis. 11, 13, 14, 19 Mazzocca et al 19 previously reported a mean postoperative 13 found a mean UCLA score of 27.6 and a mean ASES score of 75.6 in 54 patients at a minimum of 2-year follow-up, while Gill et al 11 found a mean ASES of 81.8 in 32 patients at an average of 19 months of follow-up.
Our cohort had a lower incidence of popeye deformity compared with other reports of biceps tenodesis outcomes. The rate of popeye deformity in our cohort was 2.0%, while the rate of popeye deformity in prior reports of tenodesis patients is 3% to 5%. 5, 21, 27 The 1 patient in our cohort with a popeye deformity found the deformity to be cosmetically acceptable. The rate of popeye deformity in our patients is much lower than the previously reported rates of 62% to 80% in patients undergoing biceps tenotomy. 5, 21, 27 A reported concern with proximal biceps tenodesis techniques is that leaving the tendon in the bicipital groove may lead to a higher revision rate. 31 Sanders et al 31 found a significantly lower revision rate with tenodesis performed distal to the groove (7.7%) compared with proximal tenodesis techniques (20.6%). Furthermore, performing the tenodesis in the bicipital groove may not alleviate pain as the groove has been suggested as a potential pain generator. 28 The mini-open subpectoral techniques, 20, 28 which place the biceps tendon distal to the groove and below the pectoralis major, have distinct advantages over proximal tenodesis techniques. 15, 17 The primary advantages include preservation of the length-tension relationship of the biceps tendon and removal of the tendon from the groove to decrease persistent pain. However, a disadvantage of the open or mini-open distal tenodesis is a potential cosmetic deformity from the scar of the incision. The incisions are often 3 to 4 cm in length, which is larger than the incisions of the ports used in the all-arthroscopic technique. 20, 28 The longer incision could also have potential for increased blood loss and rates of infection.
Biceps tenodesis is commonly performed in conjunction with other arthroscopic procedures. During an otherwise all-arthroscopic procedure, the use of an open or miniopen tenodesis technique would usually require a separate instrument tray as well as additional operating room time for closure of the incision. 8 Patients who require concomitant arthroscopic shoulder surgery would also require repositioning to accommodate an open subpectoral tenodesis. Finally, based on the cadaveric analysis by Jarrett et al, 12 a proximal tenodesis near the superior edge of the pectoralis tendon, which is performed in our all-arthroscopic technique, may better restore the natural muscle lengthtension relationship than a distal subpectoral tenodesis.
Limitations
Our study has several limitations. First, it is retrospective and lacks a control group to offer a comparison. However, this study represents the largest cohort of patients using this biceps tenodesis technique, and our outcomes can be compared with literature standards. Second, our follow-up period is relatively short, with a minimum of 10 months of follow-up. However, this coincides with typical recovery and return to function after such a procedure. Third, the variety of different additional shoulder procedures being performed at the time of tenodesis in our patient cohort serves as a possible confounding variable. Future studies are needed to assess the long-term outcome of this biceps tenodesis technique.
As with all procedures, there is a learning curve associated with the all-arthroscopic biceps tenodesis technique. In this clinical series, the senior surgeon transitioned from open to arthroscopic tenodesis technique without the need for converting any arthroscopic cases to open. The senior surgeon performed the procedure in a cadaver lab prior to using this technique with patients. We recommend that surgeons considering this technique gain skill with the procedure in a cadaver laboratory prior to using it in practice.
CONCLUSION
There are myriad options available to surgeons to address biceps tendon pathology. Although there is a learning curve involved, an all-arthroscopic suprapectoral technique with tenodesis between the subscapularis and pectoralis major may be an option to consider.
